INTRODUCTION
Inductively coupled plasma mass spectrometry (ICPMS), 1 ® rst introduced by Houk et al. in 1980, 2 has become the method of choice for routine elemental analysis in a wide range of applications. ICPMS offers nearly complete elemental and isotopic analysis for most samples over a broad range of element concentrations. Although ICPMS has matured into a powerful technique, several limitations remain; a list of its strengths and weaknesses can be found in Table I . To overcome the shortcomings of ICPMS, a number of researchers have investigated other types of mass analyzers as alternatives to the commonly used quadrupole mass ® lter and sector-® eld analyzer. The advantages of each type of mass analyzer have been reviewed previously, 3 and only a short description of recent advances in ICPMS with each type of mass analyzer is given below. A detailed overview of the development and performance of an ICP± time-of-¯ight (TOF) instrument, ® rst described by Myers and Hieftje, 4 is then given wherein the * Author to whom correspondence should be sent.
considerations this laboratory has found necessary for the successful combination of ICP and TOF mass spectrometry are described.
ALTERNATIVE MASS ANALYZERS FOR ICPMS
Several of the shortcomings listed in Table I are a direct consequence of the fact that ICPMS is usually performed with scanned mass spectrometers, such as quadrupole-or sector-based instruments. Because only one m/z value can be monitored at any given time with a scanned system, there is a necessary trade-off between the mass range that can be covered in any given time period and the limits of detection (LODs) or precision that is attainable for the analysis. This compromise is especially pronounced in the analysis of transient signals, such as are generated by chromatographic or¯owinjection systems, laser sampling, and electrothermal vaporization. The limitations of scanned mass spectrometers for combination with chromatographic systems have been described previously. 5 Furthermore, because each m/z value is measured at a different time in a scanned system, instabilities in the ICP source and ion-sampling process degrade the precision of ratioing techniques. 6 To fully eliminate the effects of sourcē uctuations, one must measure all m/z values simultaneously.
Commercially available ICPMS instruments have been developed mainly around quadrupole mass ® lters, owing in part to the modest vacuum requirements, compact size, robustness, low ion input energy, and wide acceptance angle of the quadrupole. Although a quadrupole can readily accept and ® lter the intense ion beam from an ICP, several limitations must be endured when one utilizes a quadrupole for ICPMS. Isobaric interferences, such as the ArCl 1 (m/z 5 75) interference with As (m/z 5 75), are especially problematic when one utilizes a quadrupole for ICPMS (quadrupoles are usually operated with only unit-mass resolution). However, Ying and Douglas 7 have recently demonstrated that quadrupole instruments can also be operated at high resolving power (; 9000) by utilizing a different region of the Mathieu stability diagram. This impressive resolving power was used to eliminate the ArO 1 (m/z 5 56) interference with the most abundant isotope of iron Precision in ICPMS can be improved if ratioing techniques, such as internal standardization or isotope dilution, are employed. However, with single-channel mass spectrometers (e.g., quadrupole and scanned sector), this improvement requires rapid scanning or hopping to minimize the effects of source¯uctuations. Furuta 6 has demonstrated that the precision attainable with a quadrupole mass ® lter for the measurement of isotope ratios improves with shorter dwell times. For a 10-m s dwell time (the minimum time possible in the system used in this study because of the ® nite transit time of the ions through the quadrupole rods), the precision was 0.13% relative standard deviation (RSD). In the limit, one would like to monitor two m/z values simultaneously for the best precision. Warren et al. 8 and Lloyd et al. 9 have described the use of two quadrupole mass ® lters operated in parallel to obtain improved isotope-ratio precision with solutionnebulization 8 and laser-ablation sample introduction, 9 respectively. Although this instrument is only a twochannel system, the bene® ts of simultaneous detection in ICPMS are demonstrated.
Sector-based ICPMS instruments are also available commercially but are much more costly than quadrupole-based systems. Double-sector instruments offer both a reduced background (, 1 cps) and increased resolving power (R $ 7500) relative to quadrupoles; these features provide for improved detection limits and the ability to separate most polyatomic isobaric overlaps, respectively. 10 Unfortunately, this high resolving power comes at the expense of signal level; double-sector instruments are usually constructed to be adjustable in resolving power in order to realize either the detection limit or isobar-elimination advantage. 10 Although magnetic-sector-based instruments usually exhibit slower scan rates than do quadrupoles, rapid scanning over a narrow mass range can be employed with sector systems as well to improve the precision of ratioing techniques. 11 Alternatively, simultaneous detection can be performed with sector instruments by using a number of discrete detectors, or a detector array. Excellent isotope-ratio precision (, 0.01% RSD) can be obtained from double-sector ICPMS instruments equipped with multiple Faraday-cup detectors. 12, 13 Further, large sections of the atomic mass range can be monitored simultaneously with double-sector instruments in a Mattauch± Herzog geometry equipped with an array detector. Burgoyne et al. 14 and Cromwell and Arrowsmith 15 have described such instruments. Although these devices are promising, the resolving power and sensitivity of these instruments are not yet comparable with those of other types of ICP mass spectrometers.
The combination of an ion trap (IT) mass spectrometer with an ICP source has proven quite success-ful 16± 19 and offers some interesting advantages in ICPMS, such as the ability to integrate (accumulate) ions of low abundance. The IT mass spectrometer has been coupled to glow discharge (GD) ion sources as well. 20, 21 Although ions are sequentially scanned out of the IT for detection, the integrating nature of the mass spectrometer yields the same bene® ts as simultaneous detection and promises better detection limits. All ions from a transient signal, such as that produced by pulsed-laser ionization, 22, 23 can be collected and then examined after the transient is completed. In this case, a 100% duty cycle is realized. However, to obtain temporal resolution of a transient with the IT would require a sacri® ce in duty cycle. Resolving powers above 1400 have been demonstrated with ICP-based IT instruments. 24 An interesting feature of ICPMS accomplished with IT mass spectrometers is that high resolving power is not crucial to reducing spectroscopic matrix interferences, since polyatomic species can be dissociated via collisional dissociation inside the trap. 16, 20, 21 This feature is especially attractive in glow discharge mass spectrometry (GDMS), where molecular interferences are prevalent. The greatest hurdle that needs to be overcome in the development of ICP-IT remains the limited dynamic range, dictated by space charge within the IT. 16 Several attempts to increase the dynamic range of the IT have been presented. 17± 19 Because of the reduced mass-range requirements in ICPMS, an IT with larger dimensions has been constructed which has a larger storage capacity than typical traps. 17 Alternatively, once the capacity of a trap has been reached, the plasma matrix species, such as Ar 1 and argides, can be selectively expelled to allow continued integration of the ions of interest. These argon-containing species can be removed either via resonant ejection 18 or from the ion beam prior to entrapment via a charge-exchange mechanism with H 2 gas added to the interface region. 19 The trademark of Fourier trans-focal point form ion cyclotron resonance (FT-ICR) mass spectrometry remains its ability to provide extremely high resolving power. Goodner et al. 25 and Marcus et al. 26 have combined FT-ICR instruments with GD sources, and initial designs of an FT-ICR instrument coupled to the ICP have been presented. 27, 28 When coupled to a GD source, the FT-ICR allows both molecular and atomic isobaric overlaps to be separated easily, with recently demonstrated resolving powers as high as 1,700,000. 28 Although simultaneous detection and the ability to collisionally fragment species are inherent to this type of spectrometer, just as with the IT, limited ion-storage capacity and space charge will likely constrain the performance of ICP-based FT-ICR instruments. The storage capacity of FT-ICR and IT instruments is about the same (; 10 4 ions). Furthermore, the high-® eld magnets and stringent vacuum requirements necessary for this type of mass spectrometer make it a very expensive option. Although ordinarily employed for pulsed ion sources, such as matrixassisted laser desorption/ionization (MALDI) or plasma desorption, TOF mass spectrometers can be combined with atmospheric-pressure continuous ion sources. 4,29± 35 Myers and Hieftje ® rst described preliminary design considerations for the coupling of the ICP with a TOF mass analyzer. 4 A GD ion source has also been combined with TOF mass analyzers by Myers et al., 36 Heintz et al., 37 Hang et al., 38 Steiner et al., 39 and Harrison. 40 In a three-paper series, Myers et al. 33± 35 described design modi® cations and instrumental conditions to improve the ® gures of merit of an ICP-TOF instrument. The ability to measure isotope ratios and the abundance sensitivity of the ICP-TOF instrument were described in another publication. 41 The results of these studies will be discussed later.
ADVANTAGES OF TOF FOR ICPMS
A TOF mass analyzer is perhaps the simplest type of mass spectrom-eter. Mass separation in a TOF mass spectrometer is accomplished when a packet of monoenergetic ions is released into a ® eld-free region. Because of the fundamental relationship between kinetic energy (KE) and velocity (KE 5 0.5 mv 2 ), thē ight time of each ion through the region is proportional to the square root of its mass. 42 Therefore, the time-dependent output of a detector placed at the exit of the ® eld-free region represents a complete mass spectrum. Because all masses within each packet are detected, the TOF mass analyzer possesses an inherently high ion-utilization ef® ciency (ions produced/ions detected 3 100%) relative to scanned mass spectrometers, where only a single m/z can be monitored at any given time. The compromise between mass coverage and sensitivity inherent in scanned systems, such as quadrupoles and sector instruments, does not apply to the TOF mass spectrometer.
Because the ® eld-free region of a TOF mass spectrometer is no more than a hollow stainless-steel tube (and, in practice, several grids), the transmission ef® ciency of TOF is the highest among all mass analyzers, so excellent sensitivity can be obtained. Furthermore, the repetition rate of a TOF instrument is governed only by the¯ight time of the heaviest ion through the ® eld-free region. Since the¯ight times of atomic species (amu # 238) under typical conditions (2-m¯ight length, 2-kV acceleration voltage) are less than 60 m s, more than 16,000 spectra can be generated each second by an ICP-TOF instrument. The high repetition rate and simultaneous detection capabilities of the TOF mass spectrometer not only reduce analysis time but make the TOF instrument an ideal choice for the analysis of transient signals.
COMBINING ICP WITH TOFMS
Geometry and Duty-Cycle Considerations. If adequate mass separation is to be achieved in TOF mass spectrometry, the ions must enter the¯i ght tube in the form of a discrete packet. Frequently, the temporal width of this packet of ions is determined by the temporal characteristics of the ion source, such as in the case of laser or plasma desorption. In contrast, an ICP generates ions continuously and produces an ion beam from which a packet needs to be extracted to generate a TOF spectrum. One method to accomplish this extraction is through beam modulation, which has been described and demonstrated by Bakker, 43,44 with a continuous electron-impact source, and by Ma et al., 45 with an atmosphericpressure ion source. As depicted in Fig. 1a , the continuous ion beam is accelerated to the¯ight-tube potential (2± 3 kV), and steering plates are used to sweep the ion beam in a direction perpendicular to the¯ighttube axis. A slit placed immediately prior to the detector limits the portion of the beam that is detected; thus only a short packet of the original ion beam has the proper trajectory to reach the detector. Although effective in ion-packet production, this method yields a very low duty cycle since the resolving power depends on the temporal width of the extracted packet. For adequate resolving power, this width might be 5 ns; if the¯ight time of the heaviest species (which governs the repetition rate of the TOF instrument) is 50 m s, the duty cycle is only 10 2 4 (i.e., 99.99% of the ions do not contribute to the detected signal).
An alternative method to beam sweeping is called orthogonal acceleration (OA) and is depicted in Fig.  1b . The advantages of OA, which have been described previously, 46 make it more frequently employed than beam modulation in TOF mass spectrometers with continuous ion sources, such as electrospray ionization (ESI). 29, 31, 32 In contrast to onaxis beam modulation ( Fig. 1a ), the extraction of the ions in OA (Fig.  1b ) occurs prior to their acceleration. Therefore, the duty cycle obtainable with the OA method of packet formation can be larger because the velocity of the beam in the orthogonal (original) direction is much smaller (1) v where f is the repetition frequency of the TOF mass analyzer (Hz), d is the length of the extracted ion packet along the axis perpendicular to thē ight tube (cm), and v is the velocity of the ion beam (cm/s). Within the current ICP-TOF instrument, 33 typical values are f 5 17 kHz, d 5 2.54 cm, and v 5 ; 5 3 10 5 cm/s (for 5-eV argon ions); from these values a duty cycle of ; 9% is calculated. From Eq. 1 it follows that the duty cycle improves with a higher repetition rate, a greater packet length, or a lower ion-beam velocity. The maximum frequency is dictated by thē ight time of the heaviest ion (; 55 m s for 238 U), but the detector dead time 47 as well as the time necessary for the ion beam to re® ll the extraction region also needs to be considered. Increasing the packet length compromises the ef® ciency of the ion-optic elements, increases the likelihood of ions being lost through wall collisions, and requires a larger and usually more expensive detector. The velocity of the incoming ion beam is determined during the sampling of the ions from the plasma and re¯ects contributions from both the supersonic expansion and plasma potential. 48 This velocity can be reduced and the duty cycle increased by the application of a small positive bias (1± 10 V) to the extraction region (a1 in Fig. 2 ). 33 In the extreme, the duty cycle can be made to approach 100% by installing a quadrupole ion trap as the extraction region and thus lowering the effective ion-beam velocity to zero, as described by Lubman and co-workers with an electrospray ionization (ESI) source. 49, 50 One further advantage of an OA geometry is the elimination of the contribution of photons and neutrals to the background level. Because the source, interface, and ion optics are situated along a line perpendicular to the¯ight-tube axis, there exists no direct route from the source to the detector, so no photon stops or offset ion lenses 51 from atmospheric-pressure ion sources. Resolving power depends, in part, upon the initial velocity spread of the ions along the¯ighttube axis. 42 As a result of the supersonic expansion that is formed in the sampling process, which directionally focuses the ions through successive collisions in the relatively highpressure region between atmosphere and the ® rst pumping stage of the interface, the velocity spread of the ions along the¯ight-tube axis is reduced. 52, 53 The resolving power also depends, in part, on the initial spatial distribution of the ion packet along thē ight-tube axis. The magnitude of the potential drop an ion experiences, and hence the ® nal velocity of the ion, depends upon its original position in the extraction ® eld. This distribution is especially signi® cant when one samples species from a gas-phase ion beam, in contrast to situations when ionization from a surface is performed (e.g., laser desorption/ionization). Space-focus techniques 54 can be implemented within an OA geometry to partially correct for the original spatial distribution of the ions and to improve the resolving power. The two-stage acceleration region (a1 and a2 in Fig.  2 ) employed in the present ICP-TOF instrument is based on the classic Wiley± McLaren design. 54 Upon application of a voltage pulse to the repeller (R in Fig. 2) , ions in the extraction region (a1) experience a linear potential ® eld and are forced into the acceleration region (a2). Because of the linear potential ® eld in the extraction region (a1), the ® nal kinetic energy of the ions is proportional to their initial position relative to grid G1. The ions nearer to R experience a larger potential drop and receive a higher ® nal kinetic energy (and velocity), whereas those ions nearer the ® rst grid (G1) of the acceleration region experience a smaller potential drop and have a lower ® nal kinetic energy. However, since the¯ight path of a higher-energy ion is longer than that of a lower-energy ion, the two ions can be made to arrive at the detector plane simultaneously. Unfortunately, the ® nal velocity of an ion is quadratically and not linearly related to its starting position; as a result, all ions cannot be made to strike the detector at the same time, and only approximations to perfect space focusing are possible. 54 It is interesting to note that perfect space focusing should be possible if the ® eld employed to extract the ions varied quadratically over the extraction region (i.e., then the ® nal velocity would be linearly related to starting position). 55± 57 Not surprisingly, more effective compensation for the initial spatial distribution of the ions occurs if the width of the ion packet is small relative to the width of the extraction region (i.e., w , a1 in Fig. 2 ). 54 This situation can be realized experimentally by the insertion of a slit optic at the end of the primary-beam optic chain to reduce the width of the beam (w) as it enters the extraction region (see Fig. 2 ), as described by Myers et al. 33 Of course, addition of a slit optic reduces the number of ions that are transmitted into the extraction region. This transmission-ef-® ciency loss can be reduced by addition of an electrostatic quadrupole lens, 58 as described by Myers et al. 34 This type of ion lens can be employed to convert the cross section of the ion beam from circular to slitshaped. 58 Li et al. 59 showed that space focusing in the second order can be accomplished if the ® eld strengths in the two acceleration regions (a1 and a2 in Fig. 2 ) are made equal. This requirement is easily ful® lled through adjustment of the repeller pulse voltage. Furthermore, if the ratio of the lengths of the two regions (a2/a1) is increased (e.g., from a2/a1 5 1 to a2/a1 5 4) while the ® eld strengths are kept equal, the time spread of the ions at this second-order space-focus plane is reduced. 59 This improvement results from the fact that the actual potential drop in the extraction region is lowered as the length ratio is increased (for the same acceleration voltage). This tightly focused second-order space-focus plane can then be reconstructed onto a detector with an ion re¯ectron. 60 A two-stage angular re¯ectron 61 con-
FIG. 4. Schematic diagram illustrating properly extracted signal ions (top diagram) and ''leakage'' ions that contribute to the continuum background (bottom diagram) in an orthogonal-acceleration TOF mass spectrometer utilizing a continuous ion source. The energies of the two types of ions are cited at the right. The signal ions receive a distribution of energies resulting from their original starting position along the potential gradient in the extraction region formed by the repeller pulse (left). While the repeller pulse is off, no gradient exists and the maximum energy of the ''leakage'' ions is 2000 eV.
sisting of a retarding and a re¯ecting region is employed in the current instrument. 34 Through the implementation of these space and velocity focusing considerations, adequate resolving power and suf® cient abundance sensitivity (i.e., a small contribution to a mass spectral peak from adjacent species) can be obtained.
Mass Bias. Although orienting the main component of the ion-beam velocity (and the spread in velocity) perpendicular to the¯ight tube provides better resolution, new problems are introduced with an OA ge-ometry. The kinetic energy of ions extracted from an ICP with a conventional three-stage differentially pumped interface is typically 1± 10 eV. 48 Although the ® nal energy of the ions in the¯ight tube of the TOF instrument is greater than 2000 eV, the perpendicular velocity component of the ions affects their trajectory in the¯ight tube. In an effort to compensate for this perpendicular velocity component, steering plates (S1 and S2) are positioned after the acceleration region to redirect the ions toward the detector, 4 as depicted in Fig. 3 . For a given steering-plate potential, only those ions with a particular initial energy (in the original direction) will receive the proper trajectory to strike the detector. Of course, if all ions in the sampled ion beam possessed the same energy, compensation for all species could be accomplished with a single potential. However, as mentioned above, the KE of each ion has components obtained from both the plasma potential (KE offset equal for all masses) and the supersonic expansion (KE increases linearly with mass). 48 Because of that velocity component from the supersonic expansion, the optimum steering-plate potential is different for each mass or element (see Fig. 3 ), so the multielement capabilities of the TOF mass spectrometer are compromised. 33 The need for a mass-dependent steering-plate potential can be met by a method described by Myers et al. 35 The steering plates (S1 and S2) are positioned in the¯ight tube far enough from the acceleration region (a2) to ensure that some mass separation of the ions has already occurred. Thus, the proper time-dependent potential (e.g., a potential ramp) applied to the plates will provide mass-dependent steering of the ions (see Fig. 3 ). For each repetition cycle a potential ramp, triggered from and delayed with respect to the repeller pulse, is applied to the steering plates, and the multielement capabilities of the ICP-TOF instrument are retained. 35 The ramped steering-plate ® eld corrects for an ion beam which contains species of different mass with similar velocities but does not correct for a velocity spread among ions of the same mass; a KE spread of several electron volts is typical in an ICP-generated ion beam. 48 For ions of the same mass, this KE spread corresponds to a velocity distribution in the primary ion beam. Upon extraction of these ions, a range of ight-tube trajectories are observed, only some of which lead to the detector. Although a larger detector might be employed to collect a greater solid angle of the divergent ion packet, practical limitations on detector dimensions and cost result focal point FIG. 5 . Portion of a spectrum obtained from the average of 500 TOF cycles during nebulization of a sulfur-containing solution.
TABLE II. Curren t ® gures of merit of an ICP-TOF mass spectr ometer.
Resolving power Sensitivity Background Detection limits a Precision Isotope ratio precision Abundance sensitivity Repetition rate Dynamic range 1600± 1800 10 3 ± 10 4 cps/ppb/isotope ; 10 cps/50-ns window 0.2± 5 ng/L ; 5% RSD , 0.06% RSD, limited by counts . 10 6 (at m/z 5 208) 17,000 spectra/second . in a reduced transmission ef® ciency for the TOF mass analyzer. Myers et al. 33 described this effect in detail and have estimated that the transmission ef® ciency of the TOF instrument was reduced to ; 20% because of the perpendicular velocity spread. Experimentally, a substantial signal is observed for a given analyte species over a broad range of steeringplate potentials, indicating that the divergence of the ion beam greatly exceeds the dimensions of the detector. 33 This calculation predicts the percentage of ions that are detected in the linear mode of operation (i.e., after one pass through the¯ight tube). 34 In practice, ions are usually detected at the re¯ectron detector (two passes through the¯ight tube), 34 and thus transmission ef® -ciency is even lower; the ions have a larger spatial distribution, because of the inherent spread that occurs in an angular re¯ectron and because they have traveled over a longer ight path. It is worthwhile to point out that the use of steering plates to compensate for this perpendicular velocity (and velocity spread) leads to a loss in resolving power. Guilhaus 62 calculated that the time spread at the detector for a packet of isomass ions is lower if they are allowed to maintain their perpendicular velocity components. In practice, it is necessary to employ an angled¯ight tube to conserve this perpendicular velocity. This approach is useful for a monoenergetic ion beam, such as that from an electron-impact ion source, since the¯ight-tube angle would then be the same for all mass/ charge values. 62 Unfortunately, a dif-ferent¯ight-tube angle would be necessary for each mass/charge value for ions sampled from an ICP source.
Continuum Background Reduction. Even though a high transmission ef® ciency is possible with a TOF instrument, a high signal-tonoise ratio, important for low detection limits and high precision, is not possible with an elevated background. Although there is no direct path for photons or neutral species from the ICP to reach the detector, a continuum background is still observed. As depicted in Fig. 4 , this background results from the leakage of ions into the acceleration region at times when the repeller pulse is off (i.e., during mass analysis). These ions can enter the acceleration region because of scattering, because they possess suf® cient velocity in thē ight-tube direction, or because of ® eld leakage through the grid that separates the extraction and acceleration regions (G1 in Fig. 4 ). It is interesting to note that no background of this type should be observed within an instrument operated at 100% duty cycle. The extent of ion leakage into the acceleration region can be attenuated by de¯ecting the ions away from thē ight tube with a positive or negative potential to the acceleration-region entrance grid or the repeller (G1 and R in Fig. 4) , respectively. However, applying a potential suf®cient to completely eliminate this background can attenuate the analyte signal and compromise resolving power. An alternative approach was presented by Myers et al. 34 This approach, termed pulsed ion injection, involves modulating the ion beam prior to extraction so that only those ions that can properly contribute to signal are allowed into the extraction region. In practice, the primary ion beam is de¯ected across the slit optic (see Fig. 2 ) by a voltage pulse applied to one of the ion optics. Mahoney et al. 63 presented a simpler and more effective approach in FIG. 6. Isotope-ratio measurement precision as a function of the number of accumulated counts. Each measured value (circles) represents the relative standard deviation of ten repetitions. The dotted line represents the precision predicted by counting statistics for a given number of accumulated counts. Because the measured values match the predicted values so closely, it is expected that longer integration times will yield even better precision ( , 0.01%). which the continuum background is eliminated by using energy discrimination (ED). An energy difference exists between signal and background ions (see Fig. 4 ) because the signal ions experience both the extraction and acceleration ® elds (® nal KE 5 2000± 2500 eV), whereas the background ions experience only the acceleration ® eld (® nal KE 5 2000 eV). Therefore, a potential barrier (. 2000 V) placed before the detector effectively rejects the background ions. The background levels were reduced by two orders of magnitude with this ED approach. 63 Unfortunately, the addition of the potential barrier, a region in which the signal ions are decelerated and reaccelerated, was observed to compromise the resolving power of the instrument. However, the resolving power obtained is still suf® cient to perform elemental analysis (. 1200). 63 Detection and Readout. Because peak widths at the detector plane are temporally narrow (5± 30 ns), adequate resolution relies upon the use of a detector with very fast time response. Furthermore, the large beam divergence within this instrument requires a physically large detector (40-mm diameter). The microchannel plate (MCP) is the most popular choice for TOF mass spectrometry. Unfortunately, the dynamic range of MCPs is limited, relative to the electron multipliers used in quadrupole ICPMS, and therefore can be easily saturated by high ion-¯ux levels. The high abundance of plasma matrix species from the argon-sustained ICP can effectively``blind'' the detector, reducing its sensitivity for all other species. Myers et al. 33 described a method of attenuating the unwanted high-abundance plasma species, such as Ar 1 , prior to detection. De¯ection plates (D in Fig. 2 ) are placed at a position in the¯ight path where suf® cient mass separation has taken place so that a properly timed voltage pulse will alter the trajectory of only the unwanted species so that most of them do not strike the detector.
TABLE III. Accuracy and precision of isotope ratios measur ed simultaneously with the ICP-TOF instrument (10-min integration time).

Isotopes
Signals in quadrupole and sector ICPMS systems are usually monitored by ion counting to realize the lowest detection limits. Ion counting can also be used in TOF mass spectrometry; however, the dynamic range is then limited. Because the ions hit the detector in discrete packets at the repetition rate of the TOF instrument, only a single ion count can be registered for each repeller event (for counting electronics with focal point FIG. 7 . Spectrum obtained from the average of 20 cycles (repeller pulses) following a single laser pulse incident on a plagioclase crystal contained in a lava sample. The ringing following abundant peaks is due to detector saturation. a long dead time) and pulse pile-up can readily occur. In order to avoid pulse pile-up, count rates below one tenth of the TOF repetition rate are best employed, yielding a dynamic range of only two or three orders of magnitude. This dynamic range can be extended to at least four orders of magnitude by the use of an analog detection scheme (e.g., a boxcar integrator) as described by Myers et al., 35 but detection limits are compromised unless this detection scheme offers single-ion sensitivity. The dynamic range is restricted in the highconcentration limit by the eventual saturation of the MCP detector. The working curve can be extended (at the high-concentration end) by reducing the detector gain, by detuning the ion optics, or by observing a less abundant isotope of the same element.
The ability to collect full TOF spectra at kHz repetition rates places tremendous demands on the data-acquisition system. Multi-stop time-todigital converters (TDCs) offer multichannel counting capabilities and are suitable for low-level signals over a limited dynamic range. However, for the strong signals observed with the ICP source, a multichannel analog system is also required. Digital oscilloscopes make it possible to record and average sequential TOF spectra. Unfortunately, the averaging rate of these oscilloscopes for an extended record length is usually much less than the repetition rate of a typical TOF instrument. The result is a poor duty cycle. The integrating transient recorder, a fast multichannel analog system developed for use in coupling gas chromatography with the TOF mass analyzer, was described by Holland et al. 64 The ® gures of meritÐ digitization rate, dynamic range, and noiseÐ of commercial analogs to this system are improving steadily. These commercial systems, which are not yet available in this laboratory, would allow the collection of complete ICP-TOF mass spectra with high temporal resolution.
PERFORMANCE OF ICP-TOFMS
Analytical ® gures of merit for the current ICP-TOF mass spectrometer are summarized in Table II . The space-focus considerations described earlier, in conjunction with the use of a two-stage ion re¯ectron, have yielded a resolving power in excess of 2000 for the ICP-TOF instrument. 65 The typical resolving power for the instrument is above 1600. 34 This resolving power is in excess of that necessary to perform elemental analysis; however, high resolving power is useful for two other reasons. First, several of the molecular isobaric overlaps can be separated with a resolving power above 1600. Figure 5 shows the portion of a mass spectrum around the¯ight time for the m/z value of 32. A sulfur-containing solution is being nebulized, and, with a resolving power of 1800, a split peak is observed at m/z 32 due to the presence of both S 1 and O 2 1 in the ion beam. Even higher resolving power would be necessary (R . 5000) to resolve a majority of the molecular isobaric overlaps experienced in ICPMS. For example, to alleviate the ArCl 1 interferent in As determinations requires a resolving power of approximately 8000.
The second reason for desiring a resolving power beyond the requirements for elemental analysis is related to abundance sensitivity. Under ideal conditions, the peaks observed in TOF mass spectrometry should have Gaussian shape. Unfortunately, the peak shapes observed thus far in ICP-TOF mass spectrometry have both Gaussian and Lorentzian contributions, so a high resolving power is needed to produce adequate abundance sensitivity. At present, the abundance sensitivity at m/z 208 is . 10 6 . 41 The abundance sensitivity is much higher for lower m/z species, since the relative mass difference (and therefore the¯ight-time difference) between adjacent m/z values of light elements is larger.
The sensitivity of the ICP-TOF mass analyzer is presently 10 3 ± 10 4 cps/ppb for most elements. With the ED background reduction method described above, a continuum background count rate of about 1± 20 cps at each isotope is routinely observed. Detection limits calculated from a 10-s integration period with a singlechannel gated ion-counting detection scheme range from 0.4 to 5 ng/L (ppt) for elements across the entire atomic mass range. 63 With a multichannel counting detection scheme, all elements can be determined in a single integration period with no detriment to detection limits.
Myers et al. 41 demonstrated the isotope-ratio measurement precision of the ICP-TOF instrument. The ratio between two isotopes of lead was measured with a precision of 0.46% RSD with the use of a pair of boxcar averagers to accumulate the signal for both isotopes simultaneously. This precision was shown to improve when a larger number of repetition cycles was averaged before the ratio was calculated. As expected for a mass spectrometer with simultaneous detection, the precision improved in a 1/(N) ½ fashion, where N is the number of cycles averaged. Independent gain drift in the two boxcar averagers ultimately limited the attainable precision, but better precision was possible with an ioncounting detection scheme. 41 Although it is then necessary to operate at low count rates to avoid pulse pile-up, the signal from all isotopes of every element can be integrated simultaneously. Recently, the ratio between two isotopes of silver was measured in our laboratory at a precision better than 0.06% RSD with a multi-stop time-to-digital converter. As depicted in Fig. 6 , the measured precision (circles) improves as 1/(N) ½ (dashed line), where N is the number of accumulated counts for each isotope; even better precision can be expected with longer integration times.
Although long integration times are required in ICP-TOF mass spectrometry (to avoid pulse pile-up), the ratios among all isotopes of every element can be measured simultaneously. The accuracy and precision for the simultaneous measurement of each of the ratios among the isotopes focal point FIG. 8c.   FIG. 9 . Expansion of data from Fig. 8b. of Zr, Ag, Cd, Sb, and Nd (17 ratios total) are shown in Table III . The measured ratio is dependent on the steering-plate potential, but might be corrected through calibration with isotopic standards. The precision matches closely those values predicted by counting statistics, so better precision is possible with the accumulation of more counts (see Fig.  6 ).
The high repetition rate and mul-tielement capabilities of the ICP-TOF mass analyzer lead to reduced analysis times for routine measurements with solution nebulization; however, these features are even better exploited in the analysis of transient signals. Mahoney et al. 66 demonstrated the performance of the ICP-TOF instrument for the analysis of material generated by the laser ablation of various solids. As shown in Fig. 7 , a complete elemental spectrum can be obtained for each laser pulse, allowing direct multielement analysis with lateral spatial resolution in solid samples. The poor signal-to-noise ratio in Fig. 7 results from the slow averaging rate of the digital oscilloscope employed in the study. 66 Because the elements/isotopes are determined simultaneously, the large signal¯uctuations induced by the unstable laser can be lessened through ratioing techniques. 66 The ICP-TOF instrument has also been combined with an electrothermal vaporization (ETV) source by Mahoney et al. 67 The high repetition rate of the TOF instrument allowed all elements to be monitored with temporal resolution throughout the entire ETV temperature cycle. In Figs. 8a± 8c, the differences in appearance temperatures can be seen for 32 elements determined in a single 10-m L aliquot of sample. ETV-ICPMS has been employed previously 68 to eliminate some of the solvent-derived molecular isobaric overlaps such as the ArO 1 interference with 56 Fe 1 . With an ICP-TOF instrument, several atomic isobaric overlaps were overcome on the basis of differences in the appearance temperatures of the elements, as shown in Fig. 9 . The separation of these particular atomic isobaric overlaps usually requires a resolving power above 100,000. Interestingly, the added thermal dimension in ETV-ICPMS combined with the high repetition rate of the TOF mass analyzer can be used to alleviate atomic interferences by means of a mass spectrometer with a resolving power of only 2000.
